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Abstract 1 
Background: Microscopic delineation and clearance of tumor cells at neurosurgical excision 2 
margins potentially reduce tumor recurrence and increase patient survival. Probe-based in vivo 3 
fluorescence microscopy technologies are promising for neurosurgical in vivo microscopy. 4 
Objective:  We sought to demonstrate a flexible fiberoptic epifluorescence microscope capable 5 
of enhanced architectural and cytological imaging for in vivo microscopy during neurosurgical 6 
procedures.  7 
Methods: Eighteen specimens were procured from neurosurgical procedures. These specimens 8 
were stained with acridine orange and imaged with a 3D-printed epifluorescent microscope that 9 
incorporates a flexible fiberoptic probe. Still images and video sequence frames were processed 10 
using frame alignment, signal projection, and pseudo-coloring, resulting in resolution 11 
enhancement and an increased field of view.  12 
Results: Images produced displayed good nuclear contrast and architectural detail. Grade 1 13 
meningiomas demonstrated 3D chords and whorls. Low-grade meningothelial nuclei 14 
showed streaming and displayed regularity in size, shape, and distribution. Oligodendrogliomas 15 
showed regular round nuclei and a variably staining background. Glioblastomas showed high 16 
degrees of nuclear pleomorphism and disarray. Mitoses, vascular proliferation, and necrosis were 17 
evident.  18 
Conclusions: We demonstrate the utility of a 3D-printed, flexible probe microscope for high-19 
resolution microscopic imaging with increased architectural detail. Enhanced in vivo imaging 20 
using this device may improve our ability to detect and decrease microscopic tumor burden at 21 
excision margins during neurosurgical procedures.  22 
23 
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Introduction 24 
Neurosurgical in vivo microscopy is an emerging technology that may advance our ability to 25 
detect microscopic residual tumor at tumor margins. High-grade glioma is one of the most 26 
aggressive malignancies, and it carries a grim prognosis despite maximal treatment and advances 27 
over the past decades. Their unfavorable prognosis is attributable to inevitable tumor recurrence 28 
after surgery, which leads to poor long-term patient survival.1,2 With surgery being the first line 29 
of treatment, the value of cytoreductive surgery is well documented.3 The addition of gross 30 
fluorescence guidance has further enhanced the effectiveness of tumor resection.4-9 31 
Fluorescence-based in vivo microscopy techniques are among the most investigated techniques 32 
for in vivo neurosurgical imaging. These methods include confocal, flexible probe-based imaging 33 
and rigid miniaturized probe imaging.10 In general, flexible imaging techniques offer a practical 34 
method for imaging; however, they are limited in imaging resolution and field of view.10 A 35 
flexible probe imaging device without these limitations is therefore expected to provide a 36 
superior method for in vivo microscopy.  In the current ex vivo study, we demonstrate an 37 
enhanced imaging process to produce high-resolution large-area images that resemble standard 38 
histology. We therefore aim to set the grounds for further in vivo imaging studies using this 39 
advanced technique.  40 
Materials and Methods 41 
Specimens 42 
Tissues were collected during neurosurgical tumor resections. Eighteen patients were included in 43 
this study (Table 1). Patients were selected, consent was obtained, and specimens were collected 44 
according to a protocol approved by our institutional review board.  45 
Staining 46 
Each specimen was stained by adding approximately 50 µl of 2% acridine-orange (Sigma- 47 
Aldrich, St. Louis, MO) solution to the tissues for 1 minute. The specimen was then gently 48 
blotted. 49 
Imaging 50 
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Imaging was performed using the previously described flexible probe 3D-printed in vivo 51 
fluorescence microscope11 (Fig. 1). A flexible fiber bundle (field of view, 790 µm) composed of 52 
30,000 imaging elements (pixels) was used for imaging (FIGH-30-850N, Fujikura, Tokyo, 53 
Japan). Light-emitting diode (LED) excitation light specific to the excitation wavelength of 54 
acridine orange (~450 nm) is delivered to the tissues through the imaging fiber bundle. Emitted 55 
fluorescence (~550 nm) is then carried back through the fiber bundle to an ×20 objective lens 56 
and filters to be captured using a consumer-grade digital camera. Imaging an area of tissue was 57 
performed by manually scanning the end of the flexible fiber against the tissue while sequential 58 
images or videos were recorded (Fig. 1). A real-time video feed was projected to a screen during 59 
the imaging session, which allowed for guidance during imaging. 60 
Image Processing and Analysis 61 
To increase imaging resolution and field of imaging, sequential images or frames from a 62 
recorded video sequence were stacked and aligned on the basis of the scale-invariant feature 63 
transform (SIFT)12 implemented through FIJI (FIJI is just ImageJ)13 (Fig. 2). Frames or images 64 
with motion blur were excluded before alignment. Maximum signal projection was then 65 
performed to reduce noise and reduce honeycomb artifact superimposed on the images by the 66 
fiber bundle. Finally, contrast is enhanced using contrast-limited adaptive histogram equalization 67 
implemented through FIJI.14 The resulting images also represented a mosaic over the area 68 
scanned, thereby effectively increasing the imaged field size. Approximated pseudo-hematoxylin 69 
and eosin (H&E) colorization of the fluorescence images was performed to enhance the detection 70 
of features (Fig. 2). Colorization was performed after gray-scale fluorescent images were first 71 
corrected for illumination. Bright fluorescence was considered to represent the nuclear 72 
(hematoxylin) channel, and inverted images were considered to simulate eosin staining. A 73 
method similar to that described by Gareau15 was then performed in which H&E channels are 74 
colored via a look-up table and then combined. After imaging, the specimens were placed in 75 
formalin and processed using routine histologic processing. The Clinical and Laboratory Images 76 
in Publications (CLIP) guidelines were used in the reporting of images in this study.16 77 
 78 
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Results 79 
All ex vivo specimens demonstrated good nuclear fluorescence with acridine orange 80 
(representative images are shown in Figs. 3-7). Nuclear size, pleomorphism, and cellularity were 81 
evident in all specimens. 3D structures, such as 3D fascicles in meningiomas and cord-like 82 
vessels, were identifiable. Larger vessels in cut sections appeared as dark, branching, hollow 83 
structures traversing the tissue. The nuclei of vascular endothelial cells were seen arranged in a 84 
cylindrical fashion around the vascular lumens.  85 
Although only tumorous tissue was collected for the purposes of this study, normal cerebellar 86 
tissue was seen in 1 specimen (specimen 18). Cerebellar gray matter showed small, moderately 87 
bright, equidistant nuclei in flat sheets with a diffuse low-brightness background representing the 88 
neuropil. An abrupt distinction was seen at the interface of the molecular layer with the highly 89 
cellular granular layer (Fig. 3).  90 
The resolution was maximally enhanced in the center of the mosaicked image where most frames 91 
overlapped. Sequences with higher overlap between frames resulted in higher-resolution images. 92 
Pseudo-coloring resulted in images that visually resembled H&E stains (Figs. 2C, 7B, and 7F). 93 
Pseudo-coloring transformed the bright staining nuclei to hematoxylin-like blue and the 94 
moderately stained cytoplasm surrounding nuclei to eosin-like pink. Spaces between cells 95 
appeared white, but red blood cells were not visible after pseudo-coloring. 96 
Meningioma 97 
Fluorescence imaging demonstrated a 3D arrangement of meningothelial cells in fascicles and 98 
whorls (Fig. 4A, B). The nuclei showed characteristic streaming in most of the meningiomas 99 
imaged. Image mosaicking and stitching increased the image area, thereby enhancing 100 
architectural assessment of the tumors. Rare intranuclear inclusions were detected with the aid of 101 
enhanced resolution after processing. Psammoma bodies appeared round to oval with a smooth, 102 
bright border and a dark center (Fig 4C). An example of a meningothelial meningioma 103 
displaying typical meningothelial whorls and sparse psammoma bodies is shown in Fig 4. In 104 
grade 1 meningiomas, the nuclei were equidistant, small, and showed no pleomorphism. Higher-105 
grade meningiomas showed little or no streaming and increased nuclear size; however, mitoses 106 
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were not easily identified. Different architectural patterns, such as a microcystic pattern, were 107 
identifiable. In microcystic meningiomas, dark, round, empty spaces were seen between the 108 
chords of meningothelial cells. 109 
Oligodendroglioma 110 
Oligodendroglioma exhibited striking nuclear monotony and regularity. The nuclei were circular 111 
and evenly distributed. The background showed various-intensity staining; however, some cells 112 
demonstrated darker cell boundaries and cytoplasm (Fig. 5B). Compared with H&E, the nuclear 113 
density appeared increased with this imaging method because several en face planes of tissues 114 
were imaged at once. The “chicken-wire” arrangement of vessels was not easily identified; 115 
however, dark “cracks” appeared to separate the tissue into irregular lobules (Fig. 5A). This 116 
cracking may be an artifact of tissue surface fragmentation during imaging. 117 
Pituitary Adenoma 118 
The ex vivo sample of pituitary adenoma imaged was predominantly composed of blood clot and 119 
fibrin (Fig. 6B). These appeared as amorphous structures with scattered small, round, black 120 
structures resembling red blood cells. Scattered nests of adenomatous tissue were visible 121 
throughout the sample. These cells showed regular round nuclei, and the cytoplasm appeared 122 
dark. Further distinction of acidophilic or basophilic cytoplasm was not feasible. 123 
Glioblastoma 124 
Glioblastomas exhibited marked nuclear pleomorphism. The nuclei were arranged haphazardly 125 
with abrupt, large, bright nuclei. Mitotic figures were best detected after pseudo-coloring, 126 
demonstrating the utility of this technique in aiding diagnosis (Fig. 7B). Occasionally, 127 
pleomorphic multinucleated cells were also seen (Fig. 7C). Increased vascularity was seen during 128 
scanning of the fiber probe. Small blood vessels appeared as 3D cords that rolled under the probe 129 
during manual scanning (Fig. 7D). Larger vessels that were cut in sections appeared as 130 
curvilinear dark branching spaces traversing the tissue. The endothelium of these vessels 131 
appeared thickened. Extravasated red blood cells were not easily identified; however, areas of 132 
necrosis appeared dark with nonspecific speckled fluorescence surrounded by nuclear pseudo-133 
palisading (Fig. 7F). 134 
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 135 
Discussion 136 
Fluorescence-guided tumor resection can increase the extent of resection and potentially improve 137 
patient progression-free and overall survival.17,18 The use of in vivo microscopy may also further 138 
improve outcome and/or patient survival. 19 Multiple in vivo diagnostic imaging modalities have 139 
been studied for the use in the nervous system. Fluorescence microscopy is one such technology 140 
which shows promise for accurate diagnosis of tumors in vivo and ex vivo.20,21  141 
The incorporation of flexible probes in in vivo microscopes enhances their utility.22–25 The 142 
flexible probe can be placed to image tissues that would otherwise be challenging to reach with a 143 
rigid or miniaturized microscope.26 The majority of studies using fluorescence, whether ex vivo 144 
or in vivo, have relied on confocal microscopy.19,27–29 Non-confocal (epifluorescence) in vivo 145 
microscopic techniques have also been shown to provide adequate imaging using simpler 146 
setups.30–32 One major drawback of using flexible probes for imaging is that images are severely 147 
pixelated (Fig. 2A). This pixilation is due to the fact that flexible imaging fiber bundles are 148 
composed of thousands of smaller fibers each acting as a pixel, resulting in a pixilated image 149 
with a honeycomb artifact (Fig. 2a).33,34 150 
In this study, we demonstrate the enhancement of the imaging capability of flexible fiber-based 151 
imaging. Taking advantage of the high rate of acquisition of non-confocal fluorescence 152 
microscopes, stacking of multiple adjacent frames is possible to enhance resolution and increase 153 
field of view (Fig. 2). Lee et al. demonstrated the possibility of eliminating the fiber-bundle 154 
honeycomb artifact in optical coherence tomography images by superimposing four slightly 155 
offset images.35 We demonstrate a similar concept applied to fiber-bundle fluorescence imaging.   156 
Resolution enhancement was clearly demonstrated as otherwise invisible subpixel features such 157 
as mitotic figures were identifiable after processing. This processing may be performed in real 158 
time, allowing high-resolution imaging over large areas of tissue during neurosurgical 159 
procedures. In addition to resolution enhancement, this method automatically performs 160 
mosaicking, producing a large field of view that further enhances the diagnostic capability of 161 
fiber bundle imaging.36 Finally, we have demonstrated the feasibility of pseudo-coloring a single 162 
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contrast agent to produce images that resemble H&E–stained tissues (Figs. 2C, 7B, and 7F). 163 
Pseudo-coloring brings this in vivo microscopy technique one step closer to clinical adoptability 164 
and utility.  165 
In vivo images generated using this system will vary according to the contrast agent used. The 166 
use of injected fluorescein is likely to result in images based on vascular contrast and vascular 167 
integrity. Dynamic changes such as increased fluorescein extravasation in malignant tumors may 168 
therefore be seen.37–39 In vivo imaging with acridine orange will provide nuclear contrast, 169 
improving the diagnostic ability compared to fluorescein. Acridine orange and other nuclear 170 
contrast agents such as acriflavine and proflavine, have been used as in vivo nuclear contrast 171 
agents for microscopy.40–44 The use of nuclear contrast agents in vivo for neuropathologic 172 
assessment may be of importance because nuclear assessment is critical for the diagnosis of 173 
many neurologic tumors. Acridine orange has also been recently demonstrated as a potential 174 
agent for neuro-oncologic photodynamic therapy.45 Its utility may therefore serve as both a 175 
therapeutic and an in vivo nuclear contrast agent. 176 
Conclusion 177 
We have demonstrated the ex vivo utility of an imaging fiberoptic based fluorescence 178 
microscope for obtaining high-resolution microscopic images comparable to those of standard 179 
histology. Implementation of this imaging technique in vivo may permit microscopic assessment 180 
of residual tumor cells at surgical margins and potentially improve surgical outcomes for patients 181 
with benign and malignant brain tumors.  182 
 183 
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Fig. 1. Image acquisition system. A: The tip of the fiber is placed against the tissue to be imaged. 297 
The fiber is manually scanned against the tissue. B: Images are transmitted through the fiber to 298 
the 3D-printed microscope. C: Images are displayed in real time on a connected monitor. 299 
Fig. 2. Image-processing procedure. A: Several frames from a video sequence aligned using the 300 
scale-invariant feature transform (SIFT) algorithm.16 Inset is an enlarged section (corresponding 301 
to boxed area) showing significant fiber bundle pixilation (honeycomb artifact).  B: Maximum 302 
intensity projection (superimposition) and contrast enhancement forming a larger-area mosaic 303 
with enhanced resolution. Inset is an enlargement corresponding to boxed areas showing 304 
increased resolution. C: H&E pseudo-coloring, Inset is an enlargement that corresponds to boxed 305 
area. 306 
Fig. 3. A: Histologic section of normal cerebellum showing normal molecular and granular cell 307 
layers. B: Corresponding processed fiber probe images demonstrating contrast between layers. 308 
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Molecular layer shows small equidistant nuclei embedded in a gray background. The highly 309 
cellular granular layer is composed of densely packed small, round, and oval nuclei. 310 
Fig. 4. Processed fiber probe images of a meningothelial meningioma demonstrating 311 
characteristic whorls (A), fascicles of cells with streaming nuclei (B), and psammoma bodies 312 
(C). D: Corresponding H&E–stained tissue from the same sample showing classic features of 313 
meningioma, including fasciculation and whorling. 314 
Fig. 5. Oligodendroglioma. A: Processed fiber probe images showing sheets of monomorphic, 315 
equally spaced nuclei. B: Magnification shows round, bright nuclei, some surrounded with a 316 
variable background. C and D: H&E–stained tissue from the same sample showing characteristic 317 
findings of oligodendroglioma, including round monomorphic nuclei, and chicken-wire 318 
arrangement of capillaries. 319 
Fig. 6. Pituitary adenoma. A: Processed fiber probe images showing nests of cells with bright, 320 
round nuclei surrounded by amorphous fibrillary material containing round, dark bodies 321 
resembling red blood cells. B: H&E–stained tissue from the same sample showing 322 
predominantly blood and fibrin with scattered nests of pituitary adenoma cells. 323 
Fig. 7. Glioblastoma. A: Processed fiber probe images showing striking disarrangement and 324 
pleomorphism consistent with a glioblastoma. B: Pseudo-colored image corresponding to the 325 
image in panel a showing features resembling those of a standard H&E stain, including the 326 
presence of mitoses (see inset image) and binucleated pleomorphic cells. C: H&E–stained tissue 327 
from the same sample showing similar features of striking pleomorphism, mitoses, and 328 
binucleated cells. D: Increased vessels seen as branching serpentine cords. E: An area of focal 329 
necrosis seen as lack of nuclei, a variably staining necrotic core (arrowhead), and pseudo-330 
palisading of nuclei. F: Pseudo-colored image corresponding to the image in panel E showing 331 
focal necrosis (arrowhead) and pseudo-palisading. 332 
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Table 1. Ex vivo specimens examined 
Specimen No. Diagnosis 
1 Meningioma, meningothelial, WHO grade I 
2 Anaplastic meningioma, WHO grade III 
3 Meningioma, microcystic, WHO grade I 
4 Meningioma, WHO grade I 
5 Meningioma, transitional, WHO grade I 
6 Meningioma, transitional, WHO grade I 
7 Meningioma, transitional, WHO grade I 
8 Meningioma, WHO grade I 
9 Meningioma, WHO grade I 
10 Meningioma, meningothelial, WHO grade I 
11 Meningioma, WHO grade I 
12 Glioblastoma, WHO grade IV 
13 Atypical meningioma, WHO grade II 
14 Glioblastoma, WHO grade IV 
15 Oligodendroglioma, WHO grade II 
16 Pituitary adenoma 
17 Meningioma, WHO grade I 
18 Metastatic malignancy (tissue imaged was 
composed of normal cerebellum) 
Abbreviation: WHO, World Health Organization. 
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Abbreviations 
 
CLIP, Clinical and Laboratory Images in Publications 
FIJI, FIJI is just ImageJ 
H&E, hematoxylin and eosin 
LED, light-emitting diode 
SIFT, scale-invariant feature transform 
WHO, World Health Organization 
 
